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Abstract In the early 1990’s a conspicuous shift
took place in the density of two key macrofauna
species at the Frisian Front (SE North Sea). The
density of the formerly dominant brittlestar Am-
phiura filiformis showed tenfold reduction and
remained low throughout the observation period
(1986–2000). In the same period, the burrowing mud
shrimp Callianassa subterranea showed a fourfold
increase in density. Since the Frisian Front is a
transition area where tidal currents fall just below
the erosion threshold of silt and bioturbating mud
shrimps can potentially affect the sediment erosion
threshold, we examined the effects of the species on
sediment erodibility. Two experiments were con-
ducted in laboratory annular flumes. In the first
experiment we compared the effects of pre-shift and
post-shift combinations of the two species on the
erodibility of Frisian Front sediment. The results
indicated that the erosion was facilitated by a
combination of high densities of C. subterranea
and low densities of A. filiformis, representing the
situation in the late 1990s. The difference in erod-
ibility was already apparent at velocities equal to the
critical near-bed current speed measured at the
Frisian Front. In the second experiment the effects
of pre- and post-shift densities of A. filiformis on
sediment erodibility were compared. This showed
that low A. filiformis densities as found in the late
1990’s facilitate erosion, but the effect is only
significant at velocities above the critical near-bed
velocity in the field. At the latter velocity, no
significant difference in erodibility was found
between the two A. filiformis densities. This implies
that the difference in turbidity in the first experi-
ment was mainly due to the activity of C. subterra-
nea. The experimental results indicate that
resuspension at the Frisian Front may occur more
frequently as a result of the shift towards a Callian-
assa dominated community. More frequent resus-
pension of bottom sediment, most likely amplified
by the climate induced increase of wind strength in
the North Sea, may hamper the recovery of the A.
filiformis adult population.
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Introduction
The interaction between physical and biological
stability of North Sea sediments has been a focus
of many studies most of which have been directed
at intertidal communities. Reasons for the
emphasis on shallow habitats is that they are
more energetic and thus susceptible to physical
disturbance than sediments underlying deeper
water, they are highly productive, have high
natural values and, importantly, are accessible
and allow manipulation. Many studies on inter-
tidal sediments have demonstrated the impor-
tance of biofilms in concert with activities of
organisms for substrate and community stability
(e.g., Meadows et al., 1990; Flach, 1992; Widdows
& Brinsly, 2002; Widdows et al., 2004; de Brou-
wer et al., 2005).
The significance of sediment stability for sub-
tidal benthic communities in the North Sea has
been primarily acknowledged in the context of
disturbance by bottom trawling (Kaiser et al.,
2000). Natural disturbance of sediment stability
and its effect on benthic community structure have
been sparsely explored in the North Sea (Rowden
et al., 1998a; Kro¨ncke et al., 2004) or elsewhere
(Rhoads & Young, 1970; Aller, 1997). The avail-
able data show that also in deeper water biologi-
cally reworked sediments can be resupended with
negative consequences for the fauna when subject
to storm or peak currents. A special role in this
context is played by engineering species whose
activities structure the habitat (Jones & Lawton,
1994). Changes in the density of such engineers can
have a profound impact on other species and the
ecosystem as a whole (Coleman & Williams, 2002).
With climate models predicting increasing
storminess in the North Sea (Woth, 2005), sedi-
ment stability may become an important factor
for the North Sea subtidal fauna similarly as in
the peripheral intertidal areas (Wolters et al.,
2005). Despite a tendency for an increase in
stormy days in the North Sea (Schroeder, 2003),
annual monitoring of macrobenthos in Dutch
sector of the North Sea since 1991 has revealed no
large-scale changes thus far (Daan & Mulder,
2005). Locally, however, marked changes were
found in the dominance of species particularly in
the Frisian Front (Fig. 1) which is a transitional
area between the sandy Southern Bight and the
silty Oyster Ground (Creutzberg et al., 1984;
Cramer, 1990). Here two keystone species i.e.,
the filter-feeding brittlestar Amphiura filiformis
(Mu¨ller, 1776) and the deep burrowing thalassinid
shrimp Callianassa subterranea (Montagu, 1808),
showed a conspicuous shift in abundance (Amar-
o, 2005 for details). Between 1992 and 1997 the
density of A. filiformis steeply declined to a level
one order of magnitude lower (1,400 vs. 100 ind.
m–2). The collapse of A. filiformis coincided with
an increase of C. subterranea from 60 to more
than 300 ind. m–2. Causes for the species shift are
unresolved (Amaro et al., 2003). Equally puzzling
is the lack of recovery of the A. filiformis
population since this species has annual repro-
duction (Duineveld & Van Noort, 1986) and
recovered 5 years after a comparable crash in the
German Bight (Schroeder, 2003).
According to Creutzberg et al. (1984) the
distribution of macrofauna across the Frisian
Fig. 1 Sediment distribution in the Dutch Continental
Sector of the North Sea. Dark colours denote fine
sediment. The arrow marks the Frisian Front visible as
an east to west elongated mud patch between 53o 30¢ and
54o 00¢ N (source map: Netherlands Institute of Applied
Geoscience TNO 1986)
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Front is the result of interaction between aut-
ecology and hydrography determining near bed
particle behaviour. Inspired by Creutzberg et al.
(1984) we hypothesize that the non-recovery of
A. filiformis is due to a change in resuspension of
sediment from the seabed probably related to the
concurrent increase of C. subterranea. This
assumption is founded on three arguments.
Firstly, the Frisian Front marks the point in the
southern North Sea where maximum tidal cur-
rents drop below the critical velocity allowing fine
particles to settle (Creutzberg & Postma, 1979).
Subtle changes in the flow or sediment stability
therefore rapidly evoke resuspension. Secondly,
the increase of C. subterranea is likely to have a
negative impact on the substrate stability. Bur-
rowing C. subterranea deposit large quantities of
sediment as mounds around their tunnel opening
(11–15 kg DW m–2 y–1, Stamhuis et al., 1997).
These mounds increase the boundary roughness
and shear stress making the sediment more
susceptible to erosion (Rowden et al., 1998b).
Thirdly, evidence from a variety of habitats,
including the North Sea and the Frisian Front,
shows that many organisms collecting food at
sediment-water interface, such as bivalves but
also tubicolous polychaetes and echinoids, are
negatively affected by suspended sediment (Nich-
olls et al., 2002; Witbaard et al., 2001, 2005).
To verify if the species shift has a potential
impact on sediment stability at the Frisian Front,
we measured sediment erodibility in annular
laboratory flumes stocked with pre- and post-shift
densities of the two species and of A. filiformis
alone. We further made in situ observations on
sediment resuspension at the Frisian Front during
several months in order to determine the natural
circumstances when resuspension occurs. We
discuss the findings with emphasis on their effects
on filter-feeder organisms such as A. filiformis.
Materials and methods
Study area
The Frisian Front in the SE North Sea forms the
transition zone between the Southern Bight and
the Oyster Grounds (Fig. 1). The former area is
covered with coarse to medium sandy sediment,
and the water column is permanently mixed with
relatively high tidal current velocities. The Oyster
Grounds have silty sediment, a stratified water
column in summer, and weak tidal currents
(Creutzberg & Postma, 1979). The Frisian Front
sediment contains locally elevated concentrations
of silt (15–20%), organic carbon and phytopig-
ments indicative for (temporary) deposition of
suspended particulate material. The fresh organic
material is locally produced in the frontal zone
(Creutzberg, 1985) while the silt is advected from
the UK coast (De Haas & van Weering, 1997).
The Frisian front has elevated levels of macro-
benthic biomass and metabolic activity (Cramer
1985). Because biodiversity is also higher the
Frisian front has been designated as a future
protected area under the OSPAR convention and
EU Habitat Directive (Lindeboom et al., 2005).
Measurements for this study were conducted at a
characteristic location in the Frisian Front (53o
42¢ N, 4o 30¢ E, depth 36 m) which has been an
annual monitoring station since 1991. The species
shift at this monitoring station has been described
in detail by Amaro (2005).
Experimental set up
Two experiments were performed in this study. In
experiment 1 we tested whether the shift in
abundances of the two species has an effect on
sediment erodibility. For this purpose four con-
tainers were stocked with high densities of A. fil-
iformis (1,500 ind. m–2) and low densities of
C. subterranea (36 ind. m–2), representing the
abundances at the monitoring station in the early
eighties. These containers were tested against
four containers with low densities of A. filiformis
(107 ind. m–2) and high densities of C. subterranea
(229 ind. m–2), representing the situation in the
late nineties. In experiment 2 we investigated the
effect of different densities of A. filiformis on
erodibility. Three containers with high densities
of A. filiformis were tested against three contain-
ers with low densities representing the densities in
the eighties (1,500 ind. m–2) and late nineties
(107 ind. m–2), respectively.
Sediment for the experiments was collected
with a boxcorer in the vicinity of the monitoring
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station in June 2003 (Fig. 1). Eight large circular
PVC containers (diameter 0.74 m; height 1.30 m;
Fig. 2) were filled with a 0.5 m deep layer of
sediment to provide enough space for C. subter-
ranea to construct burrows of realistic size
(Witbaard & Duineveld, 1989). In the laboratory,
the sediment was defaunated by exposing the
containers to fresh water for 2 weeks. Sieving the
samples was not an option due to the risk of
losing the silt fraction. The defaunated containers
were placed in a climate room set at 11C and
supplied with aerated running sea water of
ambient salinity (S) of ~34 g l–1. A smaller PVC
cylinder (0.45 m diameter, 1.0 m height) was
inserted in the centre of each container thereby
creating an outer circular flow channel (0.28 m2),
in which the erosion experiments were performed
(see below). The water depth in the channels was
about 0.6 m.
Experimental organisms were collected on two
occasions (December 2003 and February 2004) a
few miles north of the monitoring station. A total
number of 3,600 A. filiformis and 600 C. subter-
ranea were picked from boxcore samples
(n = 250) while washing these over a sieve. We
selected relatively large specimens of the two
species to ensure sufficient burrowing activity in
the experiments. Specimens of C. subterranea had
an average carapace length of 5.5 ± 1.0 mm, and
A. filiformis an average disc diameter of
5.1 ± 0.8 mm. Animals were transported to the
laboratory climate room where they were kept for
2 weeks in running seawater (T = 11C, S = 34)
as adjustment to experimental conditions. After
stocking the flow channels with the appropriate
densities, containers were left undisturbed for
another 3 weeks to allow animals to construct
burrows and mix the sediment. Mixing was
essential because a thin veneer of fine particles
had settled on the surface after filling the
containers with sediment and water. During this
period the containers were flushed with oxygen-
ated seawater (T = 11C, S = 34) to prevent
nutrient accumulation and oxygen depletion.
Cultured Isochrysis (circa 50 · 108 cells day–1)
was daily added as food. After termination of
experiment 1, the containers were defaunated
again with fresh water and dead or moribund
animals were removed until no more appeared at
the surface. The sediment was subsequently
homogenised by hand in order to remove bur-
rows. After restocking the containers with A.
filiformis for experiment 2, they were flushed and
left undisturbed for another period of 3 weeks.
Measurement of sediment erodibility
To measure the impact of species composition on
the erosion of the sediment in the circular
channels of the containers, a series of gradually
increasing flow velocities was generated by means
of the Hydrocopter of Scheffer et al. (2003). This
instrument has been designed to generate a water
current of adjustable velocity below its four
horizontally rotating paddles that are suspended
from a rotor placed on top of a container (Fig. 2).
The upper edges of the paddles orbited just below
the water surface and the distance between their
lower edges and the sediment was 0.3 m. During
the experiments the speed was stepwise increased
Fig. 2 Experimental
containers being filled on
board (left) and installed
in thermo-controlled
room (right). In the
foreground the
Hydrocopter mounted on
top of a container
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from 2 till 19 rounds per minute (rpm) with steps
of 1 rpm. Before starting the experiment the
relationship between the rotor speed (rpm) and
the actual water velocity below the paddles was
calibrated using a velocity meter (RC2, Aqua
Data, UK, accuracy 0.5 cm s–1, see Scheffer et al.,
2003). Measured water velocities over the exper-
imental range were virtually equal to the speed of
the rotor blades. Tests at the lowest, not-erosive
rotor speeds revealed that speed had to be kept
constant during 5 min to obtain a constant read-
ing of the turbidity in the channel. This interval
was used along the stepwise increasing speed
gradient.
During the experiments the relative amount of
resuspended particles in the water was continu-
ously measured with an optical backscatter sensor
(OBS) (SeapointTM) situated below the paddles
at 0.2 m above the sediment. The sensing volume
of the OBS is within 5 cm of the sensor, enabling
measurements close to the sediment. The instru-
ment detects light (880 nm) scattered by sus-
pended particles and generates an output voltage
proportional to the turbidity or the suspended
solids. A data logger (Signatrol SL707) was used
to record the rotor speed and associated turbidity
every 8 s. To avoid that selective settlement of
once resuspended particles in previous experi-
ments could change the surface sediment charac-
teristics, and so bias the erodibility in later
experiments, each container was used only once
during an experiment. Replicate observations for
each species combination were gathered from 4
(experiment 1) or 3 (experiment 2) separate
containers.
Using the current velocity (cm s–1) calculated
from the rotor speed and the associated average
relative turbidity derived from the OBS record-
ings, turbidity curves were constructed. To com-
pare the sediment erosion between the containers
with contrasting species combinations we used the
half saturation velocity VT50 following Scheffer
et al. (2003). This value represents the water
velocity when turbidity surpasses the 50% level in
the steepest section of the curve. Since the OBS
recordings were cut off at the saturation level of
the sensor, VT50 is a relative measure for com-
parison of erodibility. For each of the replicates in
the experiments the VT50 was estimated graphi-
cally. The replicate VT50 values found for the two
contrasting species compositions within one
experiment were tested for statistically significant
differences (Mann–Whitney U-test). In order to
compare the experimental species combinations
at in situ current levels that are relevant for
resuspension in the field, we made field measure-
ments of near-bed current velocity and turbidity
in summer 2001.
In situ measurement of current velocity and
turbidity at the Frisian Front
For the measurement of near-bed current velocity
and turbidity, a benthic lander (Fig. 3) was
deployed at the monitoring station for a 7 weeks
period between 24 July and 12 September 2001
(Fig. 4). The lander was equipped with an acous-
tic current meter (FSITM) set at an averaging
interval of 2 min, and an Optical Backscatter
Sensor (SeapointTM). Both instruments were
mounted 0.5 m above the seabed. Wind gener-
Fig. 3 Benthic lander with particle trap to collect pelagic
larvae (1), pop-up system (2), floats containing batteries
(3), OBS logger (4) and sensor (5) and current meter (6).
Note in 2001 a FSI-acoustic current meter was used instead
of the Anderaa RCM11 shown
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ated wave currents can make a significant contri-
bution to the near-bed current speed and resus-
pension in the North Sea (Williams et al., 1998).
We did not measure wave heights at our study
site during the period of observation. Nearest
wave data for the period are available for
platform K13, 100 km WSW of our lander
position (www.knmi.nl). Because the K13 site is
shallower and this has an affect on wave height,
we refrained from using them. Instead we used
hourly wind speed data from the platform K13
(www.knmi.nl/hydra). Since wind speeds are
constant over larger areas independent of depth
we combined near-bed current and turbidity with
K13 wind data to determine the empirical relation
between critical current velocity for resuspension
of sediment and the wind strength.
Results
Field measurements of current velocity,
turbidity, and wind
In Fig. 4 we have combined the horizontal current
and OBS records both at 0.5 meter above the
seafloor with the wind speed at platform K13 for
the period 24 July–12 September 2001. Spring
tides in this period fell on July 22, August 6 and
21, and September 4th. The start of the three
major turbidity peaks in the 7-weeks period is
marked by dotted lines in Fig. 4. Apparently
spring tides alone do not always cause a major
resuspension event as can be seen around 21
August. This is in agreement with observations by
Williams et al. (1998) in the adjacent Oyster
Ground. The first peak on August 8th is preceded
by 2 weeks without any major increase of turbid-
ity in which the horizontal current speed did not
exceed 25 cm s–1 and the wind speed was lower
than 10 m s–1. At the time the first turbidity peak
occurred, the near-bottom current speed reached
values between 28 and 34 cm s–1. At the K13
platform the westerly wind at that time exceeded
10 m s–1 and reached a speed of 13 m s–1 giving
rise to a wave height (Hm0) of approximately
2 meter. The second peak on September 4th
coincided with a maximum near-bed current
speed of 26–29 cm s–1, while the wind exceeded
10 m s–1 accelerating up to 15 m s–1. The first
two turbidity events occurred at times when
spring tidal currents were boosted by waves
associated with wind speed higher 10 m s–1 (more
than windforce Bft 5). The third event occurred
between spring and neap tide when wind accel-
erated from 10 to 18 m s–1. Resulting near-
bed currents ranged from 28 to 30 cm s–1 and
kept bottom material resuspended for more
than 5 days. As a conservative estimate for the
critical horizontal current speed (tides and
waves) required for resuspension of Frisian Front
sediment we took a near-bed current speed of
25 cm s–1 measured at 0.5 m above seabed.
The above value of 25 cm s–1 served as a
benchmark to evaluate the differences in erod-
ibility in the laboratory experiments at current
velocities representing natural conditions. For a
proper comparison between field and experimen-
24 Jul 31 Jul 7 Aug 14 Aug 21 Aug 28 Aug 4 Sep 11 Sep
0
1000
2000
3000
4000
resuspension measured as
optical Backscatter 0.5m ab
0
5
10
15
20
wind speed (m/s) at 10m as 
0
10
20
30
40 current speed (cm/s) at 0.5m ab
Fig. 4 Wind data (m s–1 at 10 m above sea), current speed
(cm s–1 at 0.5 m above seabed), and resuspension (mea-
sured as optical backscatter at 0.5 m above seabed)
recorded between 24th July and 12th September 2001 at
the Frisian Front. Vertical dotted lines indicate the start of
periods with enhanced resuspension showing associated
wind speed and current velocity as horizontal lines
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tal situation we recalculated this in situ value
measured at 0.5 m above seabed to a recording
height of 0.3 m in the flume tank using a
logarithmic velocity profile in the Karman-Pra-
ndtl equation (Rowden et al., 1998b). For this
conversion we used estimates for bottom rough-
ness length (z0) viz. 0.0007–0.79, calculated by
Rowden et al. (1998b). The first value belongs to
a smooth bed and second to a fully developed C.
subterranea mound structure that is not subject to
resuspension. The resulting values for the critical
horizontal current speed at 0.3 m fall in a narrow
range of 22–23.9 cm s–1. We took 22 cm s–1 as the
speed at which to compare turbidity in the
different experiments as we expected that
mounds were fully developed.
Experiment 1
Sediment erodibility was measured in three con-
tainers with pre-shift densities of C. subterranea
and A. filiformis and in four containers with post-
shift densities of the species. A failure of the OBS
led to loss of data from one container with pre-
shift densities. Curves describing the increase in
turbidity with increasing current speed were
averaged per treatment and are depicted in
Fig. 5. The differences between the half satura-
tion velocities VT50 (see Scheffer et al., 2003)
belonging to the pre- and post-shift treatments
were statistically significant (Mann–Whitney U
test, P = 0.034). This indicates that sediment
erosion is facilitated by relatively high densities
of C. subterranea and low densities of A. filiformis
representing the situation in the late 1990s. At a
current velocity of 22 cm s–1 in the experimental
setting which is equivalent to the critical erosion
speed in the field, a statistically significant differ-
ence in the level of turbidity was found between
the containers with pre- and post-shift densities of
the two species (Mann–Whitney U test,
P = 0.034).
Experiment 2
In experiment 2 the effect of A. filiformis on
erodibility was measured in three containers with
pre-shift and three containers with post-shift
densities. The average turbidity curves derived
from measurements in the three replicate con-
tainers are depicted in Fig. 6. The differences
between the half saturation velocities VT50
belonging to the pre-and post-shift treatments
were statistically significant albeit marginally
(Mann–Whitney U test, P = 0.049). The differ-
ence between the curves in Fig. 6 implies that at
the lowest VT50 (28 cm s
–1) resuspension is
impeded by high (pre-shift) densities of A. filifor-
mis or, conversely, resuspension is facilitated by
low (post-shift) densities. More significant in the
context of our field observations is that at a critical
current velocity of 22 cm s–1, there was no signif-
icant differences in turbidity between containers
with pre-and post-shift densities of A. filiformis
(Mann–Whitney U test, P = 0.275).
Discussion
Experimental results and applicability
to the field
The aim of this study was to find experimental
evidence for a change in the erosion character-
istics of the Frisian Front sediment due to the
concurrent increase of C. subterranea and
decrease of A. filiformis populations. Technical
specifications of this study set limitations to our
observations and interpretation. The experimen-
tal containers had to have sufficient surface area
and filled with a sediment layer of at least 0.5 m
to enable C. subterranea build its natural burrow
system. The required dimensions and robustness
meant we had to use large PVC containers
(Fig. 2) instead of transparent cylinders (cf.
Scheffer et al., 2003) or existing flow-calibrated
flume tanks. The opaque containers excluded
making observations on behaviour or distribu-
tion during the resuspension runs with the
Hydrocopter. Differences in patchiness between
replicates, for instance, may have been a cause
for the variance in our data. Patches of
organisms alternating with bare sediment most
likely yield a different erodibility than more
regularly dispersed individuals. However, we
could not obtain information about the distri-
bution of the animals after they were released in
the containers.
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The results of the experiments showed that the
two density combinations produced statistically
significant VT50 values (Figs. 5, 6). In experiment
1, mean VT50 is signficantly lower (24 cm s
–1) with
post-shift C. subterranea and A. filiformis densi-
ties than with the pre-shift densities of both
species (VT50 = 32 cm s
–1). In experiment 2 we
found a lower mean VT50 with post-shift low
densities of A. filiformis than with pre-shift
densities i.e., 28 versus 36 cm s–1. Converting
the VT50 values to velocities 0.5 m above the
seabed yields a range between 27 and 36 cm s–1
for experiment 1 and between 32 and 41 cm s–1
for experiment 2, respectively. Both ranges are
outside the normal range of tidal currents mea-
sured at the Frisian Front (Fig. 4), and also above
the critical near-bed erosion velocity of 25 cm s–1
at the Frisian Front. We therefore also tested the
turbidity levels due to the different density
combinations in experiments 1 and 2 at a speed
of 22 cm s–1 which corresponds with the critical
erosion velocity observed in the field. Only in
experiment 1 we found a significant difference in
turbidity. This implies that the difference in
erosion threshold in experiment 1 is mainly due
to activity of C. subterranea.
0 10 20 30 40 50 60
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Vt50Vt50
T min
T max
 pre-shift high density A. filiformis + low density C. subterranea
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)t(
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Fig. 5 Turbidity at
different current
velocities in experiment 1
comparing effects of pre-
shift species combinations
(high densities of A.
filiformis, low densities of
C. subterranea) with post-
shift ones (low densities
of A. filiformis, high
densities of C.
subterranea). Mean VT50
values are depicted
0 10 20 30 40 50
0
1
2
3
4
5
6
Vt50Vt50
T min
T max
 Pre-shift high density A. filiformis
 Post-shift low density A. filiformis
)t(
 ytidibr
uT
Velocity (cm/s)
Fig. 6 Turbidity at
different current
velocities in experiment 2
comparing effects of pre-
shift high densities of A.
filiformis with post-shift
low densities. Mean VT50
values are depicted
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In experiment 2, a 10-fold difference in A. fil-
iformis density did not significantly affect sedi-
ment erosion at current velocities close to the
normal tidal range. The difference in turbidity
between A. filiformis densities at VT50 (Fig. 6),
when erosion already has set in, possibly reflects
the effect of large numbers of entangled arms
holding the sediment matrix together. Earlier
Rowden et al. (1998a) reported a decrease of
seabed rigidity with increasing densities of A.
filiformis in cores from the Oyster Grounds and
argued that critical erosion shear stress and
erodibility is lowered accordingly. We have no
clear-cut explanation for the discrepancy between
the results of experiment 2 and those of Rowden
et al. (1998a). One possibility is that brittlestar
activity is also important for altering bed rigidity.
Observations by Loo et al. (1996) and Solan &
Kennedy (2002) show that A. filiformis is mainly
active during periods of strong flow. Since we
applied no directional flow in the acclimation
periods preceding the experiments, A. filiformis
induced alteration of the bed rigidity was perhaps
too small to produce an effect in our experiments.
There appears to be more agreement concern-
ing the effect of C. subterranea. In the Oyster
Grounds north of our site, Rowden et al. (1998b)
found that mound formation by 45 C. subterranea
per m2 in summer caused a significant increase of
bottom boundary roughness length (z0) with a
maximum of 0.79. By combining this value with
the mean near-bed currents in the field using the
Karman-Prandtl equation, they estimated a max-
imum shear velocity (u*) of 0.52 cm s
–1. As no
erosion of bed sediment was recorded with their
moored instruments, above shear velocity was
apparently below the critical value (u*CT). The
latter was estimated by Williams et al. (1998) to
be 1.36 cm s–1 for the seabed at this site. We have
no estimate for the z0 at our site to calculate shear
velocity as in Rowden et al. (1998b). However,
the u*CT belonging to a horizontal near-bed
velocity of 25 cm s–1 at 0.5 m can be approxi-
mated using the modified version of the Karman-
Prandtl equation (Ja¨hmlich et al., 2002). This
assumes a logarithmic profile and yields a u*CT of
0.96 cm s–1. A similar value, i.e., 0.98 cm s–1, is
found when the approximation in Ziervogel &
Bohling (2003) is used. A theoretical estimate of
u* for cohesionless sediment of the same grain
size as on our site yields a value of 0.8 cm s–1 (van
der Wegen, 2005). Hence, u*CT estimates for our
site taken from other sources vary from 0.8 to
1.36 cm s–1 corresponding to unconsolidated sed-
iment and sediment with a population of 45 C.
subterranea per m2, respectively. Our estimates of
0.96–0.98 cm s–1 fall within this range but are
substantially lower than the 1.36 cm s–1 of Wil-
liams et al. (1998). Values of u*CT reported for
other subtidal fine sand habitats also fall in the
above range but are generally higher than 0.96 cm
s–1 (e.g., Maa et al., 1993; Jago et al., 2002;
Ziervogel & Bohling, 2003). The difference with
Williams et al. (1998) is explained by the fact that
C. subterranea density at our site was 2–5-fold
higher leading to increased sediment expulsion
rates. Using estimates from Rowden et al.
(1998b), our C. subterranea population potentially
deposits a layer of 0.3–0.8 mm per m2 of uncon-
solidated wet sediment each month. A concom-
ittant drop in u*CT toward values belonging to
unconsolidated sediment is therefore plausible.
Although neither Rowden et al. (1998b) nor
Williams et al. (1998) observed summer erosion
they point at the likelihood of resuspension when
near bed currents are boosted by storm waves
especially in summer when z0 due to activity of
C. subterranea is maximal. Our observations and
estimates of u*CT appear to be in agreement with
their inferences about effects of C. subterranea on
erodibility.
Frequency of resuspension at the Frisian Front
Our experimental results imply that, presuming
nothing else changed, resuspension occurs pres-
ently more frequently than in the early 1980s
solely due to the increased density of C. subter-
ranea. In his analysis of changes in the macrofa-
una in the German Bight, Schroeder (2003)
pointed to the increase of strong and stormy
winds in the last decades near Helgoland. On a
broader scale Siegismund & Schrum (2001)
showed that in the period 1988–1997 strong wind
conditions in the North Sea extended over a
longer period than in the previous period. Our
field data from the Frisian Front indicate that
wave (wind) generated currents are important to
Hydrobiologia (2007) 589:273–285 281
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boost maximum tidal currents at spring tide
above the critical erosion velocity (Fig. 4). Taking
the wind data from platform K13 being nearest to
the Frisian Front we plotted the sum of hours
wind above 10 m s–1 for the whole year and for
two separate seasons in the period 1980–2000
(Fig. 7). The lines show consistently higher values
in the 1990s compared to the 1980s in both
seasons. The windiest period is evidently winter.
However, wind also increased in the period May–
September when the seabed is most sensitive to
erosion due to faunal activity. This increasing
trend of strong winds has most likely given rise to
increased incidence of resuspension at the Frisian
Front in the nineties. In addition, the simulta-
neous increase in abundance of C. subterranea
possibly amplified this effect. During the period
of this study we did not find a clear-cut change in
the sediment composition at our site indicative
for more resuspension. More recently, Daan &
Mulder (2005) reported that from 2001 onwards
the silt fraction along the southern border of the
Frisian Front had significantly dropped. In this
border zone sediment changes from sand to silty
sand in concert with a decrease of maximum tidal
currents (Creutzberg & Postma, 1979). Being the
transition between erosive and depositional
circumstances, this zone is particularly vulnerable
to chances in the hydrodynamic regime caused by
wind climate.
The failing recovery of the Amphiura
filiformis population
Although the reason for the collapse of A. filifor-
mis is beyond the scope of this paper it is striking
that this break down of numbers is not a local
phenomenon. Schroeder (2003) described a par-
allel collapse of the A. filiformis population living
in fine sediment in the White Bank (German
Bight) in the early 1990s. The White Bank
population regained its original abundance
5 years after the collapse while at the Frisian
Front no recovery was observed up to now.
Although more hypotheses can be forwarded to
explain failing recovery (e.g., predator control,
parasitism, reduction of eutrophication) we have
focused in this study on increased sediment
resuspension.
Resuspension has several important negative
effects on organisms living near the sediment-
water interface by causing a decrease in the
quality of near-bottom seston, physical distur-
bance, chemical alterations and removal of set-
tlers. Seston quality is an important cue for
particle uptake by suspension feeding organisms
such as tentaculate polychaetes and bivalves.
Resuspended fine sediment lowers seston quality
and hence negatively affects energy intake and
growth (Bock & Miller, 1997; Urrutia et al., 1996;
Nicholls et al., 2003; Archambault et al., 2004). In
a study on growth in 3 interface feeding species
(bivalves, heart urchin) in the North Sea, Witb-
aard et al. (2001) found higher growth rates in
coarser sandy sediment than in the fine-grained
Frisian Front. The authors attribute this to poor
quality of the seston in the silty station when it
becomes mixed with resuspended silt (Duineveld
& Boon, 2002). Also growth in A. filiformis
depends for a large degree on the presence of
fresh high quality organic matter (Skold & Gun-
narsson, 1996; Loo et al., 1996). Since A. filiformis
is an interface suspension feeder active at high
flow rates, more frequent and longer periods with
higher loads of suspended particles caused by an
enhanced erodibility may interfere with its energy
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uptake. This may keep its population from
optimizing its growth and reproduction. Resus-
pension of the thin oxygenated top layer in the
Frisian Front can furthermore make the sediment
less attractive to settling larvae due to biogeo-
chemical changes though the effect is not long-
lasting (Marinelli & Woodin, 2002). Resuspension
of recently settled larvae in an unstable silty
seabed may also cause mass mortality (Rhoads &
Young, 1970) especially if larvae run the risk of
being advected outside the suitable habitat. Such
a risk would be high in the Frisian front since the
mud patch has a limited length (Fig. 1).
More studies especially on the larval stages of
the two species are needed to clearly separate
cause and effect in the persistent shift in abundance
of C. subterranea and A. filiformis. Our present
experiments indicate that resuspension at the
Frisian Front may occur more frequently as a
consequence of the shift in dominance pattern that
took place in the 1990s. The potential effect of the
shift will be amplified by the changed wind pattern
in the North Sea. Apart from consequences for
ecologically important species as A. filiformis other
rare species will be also affected by intensified
resuspension. Among them the large suspension
feeding bivalves (Arctica islandica, Mya truncata)
which form an important argument to consider the
Frisian Front as a future Marine Protected Area.
Acknowledgements We would like to specially thank
John Beijer for giving support in the use of the
Hydrocopter and for all the cooperation offered. We
thank Sanne Schulting for her assistance during field trips
and her substantial contribution to the laboratory
experiments. The crew of RV Pelagia and all the
volunteers are acknowledged for their help in collecting
the samples. This study was supported by a grant awarded
by Fundac¸a˜o Para a Cieˆncia e Tecnologia (FCT) and
Fundo Social Europeu (FSE) to Teresa Amaro.
References
Aller, J., 1997. Benthic community response to temporal
and spatial gradients in physical disturbance within a
deep-sea western boundary region. Deep Sea Re-
search Part I 44: 39–69.
Amaro, T., 2005. The benthic shift of the Frisian Front
(southern North Sea) ecosystem—possible mecha-
nisms. PhD Thesis, Wageningen University, The
Netherlands: 1–201.
Amaro, T., G. Duineveld, M. Bergman & R. Witbaard,
2003. Growth variations in the bivalve Mya truncata: a
tool to trace changes in the Frisian Front macrofauna
(southern North Sea)? Helgoland Marine Research
57: 132–138.
Archambault, M.-C., M. Bricelj, J. Grant D. & M. Ander-
son, 2004. Effects of suspended and sedimented clays
on juvenile hard clams, Mercenaria mercenaria, within
the context of harmful algal bloom mitigation. Marine
Biology 144: 553–565.
Bock, M. M. & D. C. Miller, 1997. Particle-bound organic
matter as a cue for suspension feeding in tentaculate
polychaetes. Journal of Experimental Marine Biology
and Ecology 215: 65–80.
de Brouwer, J. F. C., K. Wolfstein, G. K. Ruddy, T. E. R.
Jones & L. J. Stal, 2005. Biogenic stabilisation of
intertidal sediments: the importance of extracellular
polymeric substances produced by benthic diatoms.
Microbial Ecology 49: 501–512.
Coleman, F. C. & S. L. Williams, 2002. Overexploiting
marine ecosystem engineers: potential consequences
for biodiversity. Trends in Ecology and Evolution 17:
40–44.
Cramer, A., 1990. Seasonal variation in benthic metabolic
activity in a frontal system in the North Sea. In Barnes
M. & R.N. Gibson (eds), Trophic Relationship in the
Marine Environment. Proceedings of the 24th Europ.
Mar. Biol. Symp. Aberdeen Universit press, Aber-
deen: 54–76.
Creutzberg, F., 1985. A persistent chlorophyll a maximum
coinciding with an enriched benthic zone. In Gibbs
P. E. (ed.), Proceedings of the 19th European Marine
Biology Symposium, Cambridge University Press,
Londen: 97–108.
Creutzberg, F. & H. Postma, 1979. Experimental approach
to the distribution of mud in the southern North Sea.
Netherlands Journal of Sea Research 13: 99–116.
Creutzberg, F., P. Wapenaar, G. Duineveld &
N. Lopez-Lopez, 1984. Distribution and density of the
benthic fauna in the southern North Sea in relation to
bottom characteristics and hydrographic conditions.
Rapports et Proces-verbaux Reunion du Conseil
International Exploration du Mer 183: 101–110.
Daan, R. & M. Mulder, 2005. The macrobenthic fauna in
the Dutch sector of the North Sea in 2004 and a
comparison with previous data. NIOZ-Rapport 2005:
1–95.
De Haas, H. & T. C. E. Van Weering, 1997. Recent sed-
iment accumulation, organic carbon burial and
transport in the northeastern North Sea. Marine
Geology 136: 173–187.
Duineveld, G. C. A. & G. J. van Noort, 1986. Observations
on the population dynamics of Amphiura filiformis
(Ophiuroidea Echinodermata) in the southern North
Sea and its exploitation by the dab Limanda limanda.
Netherlands Journal of Sea Research 20: 85–94.
Duineveld, G. C. A. & A. R. Boon, 2002. Short-term
variations in fluxes and composition of seston in near-
bottom traps in the southern North Sea. Helgoland
Marine Research 56: 140–148.
Hydrobiologia (2007) 589:273–285 283
123
Flach, E. C., (1992). Disturbance of benthic infauna by
sediment reworking activities of the lugworm
Arenicola marina. Netherlands Journal of Sea Re-
search 30: 81–89.
Jago, C. F., S. E. Jones, R. J. Latter, R. R. McCandliss,
M. R. Hearn & M. J. Howarth, 2002. Resuspension of
benthic fluff by tidal currents in deep stratified waters,
northern North Sea. Journal of Sea Research 48: 259–
269.
Jones, C. G., J. H. Lawton & M. Shachak, 1994. Organisms
as Ecosystem Engineers. Oikos 69: 373–386.
Ja¨hmlich, S., L. C. Lund-Hansen & T. Leipe, 2002. En-
hanced settling velocities and vertical transport of
particulate matter by aggregation in the benthic
boundary layer. Danish Journal of Geography (Ge-
ografisk Tidsskrift) 102:37–49.
Kaiser, M. J., K. Ramsay, C. A. Richardson, F. E. Spence
& A. R Brand, 2000. Chronic fishing disturbance has
changed shelf sea benthic community structure.
Journal of Animal Ecology 69: 494–503.
Kro¨ncke, I., T. Stoeck, G. Wieking & A. Palojarvi, 2004.
Relationship between structural and functional as-
pects of microbial and macrofaunal communities in
different areas of the North Sea. Marine Ecology
Progress Series 282: 13–31.
Lindeboom, H. J., G. Kessel & L. Berkenbosch, 2005.
Gebieden met bijzondere ecologische waarden op het
Nederlandse Continentaal Plat. Rapport RIKZ/
2005.008, Alterra Rapport nr. 1109: 1–104.
Loo, L. O., P. R. Jonsson, M. Sko¨ld & O. Karlsson, 1996.
Passive suspension feeding in Amphiura filiformis
(Echinodermata: Ophiuroidea): feeding behaviour in
flume flow and potential feeding rate of field popu-
lations. Marine Ecology Progress Series 139: 143–155.
Maa, J. P. Y., L. D. Wright, C.-H. Lee & T. W. Shannon,
1993. Vims sea carousel: a field instrument for
studying sediment transport. Marine Geology 115:
271–287.
Marinelli, R. & S. A. Woodin, 2002. Experimental evi-
dence for linkages between infaunal recruitment,
disturbance, and sediment surface chemistry. Lim-
nology and Oceanography 47: 221–229.
Meadows, P. S., J. Tait & S. A. Hussain, 1990. Effects of
estuarine infauna on sediment stability and particle
sedimentation. Hydrobiologia 190: 263–266.
Nicholls, P., J. Hewitt & J. Halliday, 2003. Effects of sus-
pended sediment concentrations on suspension and
deposit feeding marine macrofauna. Auckland Re-
gional Council Technical Publication 211: 1–40.
Rhoads, D. C. & D. K. Young, 1970. The influence of
deposit-feeding organisms on sediment stability and
community trophic structure. Journal of Marine Re-
search 28: 150–178.
Rowden, A. A., C. F. Jago & S. E. Jones, 1998a. Influence
of benthic macrofauna on the geotechnical and geo-
physical properties of surperficial sediment, North
Sea. Continental Shelf Research 18: 1347–1363.
Rowden, A. A., M. B. Jones & A. W. Morris, 1998b. The
role of Callianassa subterranea (Montagu) (Thalas-
sinidea) in sediment resuspension in the North Sea.
Continental Shelf Research 18: 1365–1380.
Scheffer, M., R. Portielje & L. Zambrano, 2003. Fish
facilitate wave resuspension of sediments. Limnology
and Oceanography 48: 1920–1926.
Schroeder, A., 2003. Community dynamics and develop-
ment of soft bottom macrozoobenthos in the German
Bight (North Sea) 1969–2000. PhD thesis, University
Bremen: 1–265.
Siegismund, F. & C. Schrum, 2001. Decadal changes in the
wind forcing over the North Sea. Climate Research
18: 39–45.
Sko¨ld, M. & J. S. G. Gunnarsson, 1996. Somatic and ger-
minal growth of the infaunal brittle stars Amphiura
filiformis and A-chiajei in response to organic
enrichment. Marine Ecology Progress Series 142: 203–
214.
Solan, M. & R. Kennedy, 2002. Observation and quanti-
fication of in situ animal-sediment relations using
time-lapse sediment profile imagery (t-SPI). Marine
Ecology Progress Series 228: 179–191.
Stamhuis, E. J., C. E. Schreurs & J. J. Videler, 1997.
Burrow architecture and turbative activity of the
thalassinid shrimp Callianassa subterranea from the
central North Sea. Marine Ecology Progress Series
151: 155–163.
Urrutia, M. B., J. I. P. Iglesias, E. Navarro & J. Prou, 1996.
Feeding and absorption in Cerastoderma edule under
environmental conditions in the Bay of Marennes-
Oleron (western France). Journal of the Marine
Biological Association of the United Kingdom 76:
431–450.
Van der Wegen, M., 2005. Coastal and river engineering
support system. http://www.waterbouw.tudelft.nl/
public/ct4310/cress/cress.htm.
Widdows, J., A. Blauw, C. H. R. Heip, P. M. J. Herman,
C. H. Lucas, J. J. Middelburg, S. Schmidt, M. D.
Brinsley, F. Twisk, & H. Verbeek, 2004. Role of
physical and biological processes in sediment dynam-
ics of a tidal flat in Westerschelde Estuary, SW Neth-
erlands. Marine Ecology-Progress Series 274: 41–56.
Widdows, J. & M. Brinsley, 2002. Impact of biotic and
abiotic processes on sediment dynamics and the con-
sequences to the structure and functioning of the
intertidal zone. Journal of Sea Research 48: 143–156.
Williams, J. J., J. D. Humphery, P. J. Hardcastle & D. J.
Wilson, 1998. Field observations of hydrodynamic
conditions and suspended particulate matter in the
southern North Sea. Continental Shelf Research 18:
1215–1233.
Witbaard, R., G. C. A. Duineveld & M. J. N. Bergman,
2001. The effect of tidal resuspension on benthic food
quality in the southern North Sea. Senckenbergiana
Maritima 31: 225–234.
Witbaard, R. & G. Duineveld, 1989. Some aspects of the
biology and ecology of the burrowing shrimp
Callianassa subterranea (Montagu) (Thalassinidae)
from the southern North Sea. Sarsia 74: 209–219.
Witbaard, R., G. C. A. Duineveld, T. Amaro & M. J. N.
Bergman, 2005. Growth trends in three bivalve spe-
cies indicate climate forcing on the benthic ecosystem
in the south eastern North Sea. Climate Research 30:
29–38.
284 Hydrobiologia (2007) 589:273–285
123
Wolters, M., J. P. Bakker, M. D. Nertness, R. L. Jefferies
& I. Mo¨ller, 2005. Saltmarsh erosion and restoration
in south-east England: squeezing the evidence re-
quires realignment. Journal of Applied Ecology 42:
844–851.
Woth, K., R. Weisse & H. von Storch, 2005. Climate
change and North Sea storm surge extremes: an
ensemble study of storm surge extremes expected in a
changed climate projected by four different regional
climate models. Journal Ocean Dynamics 56: 3–15.
Ziervogel, K. & B. Bohling, 2003. Sedimentological
parameters and erosion behaviour of submarine
coastal sediments in the south-western Baltic Sea.
Geo-Marine Letters 23: 43–52.
Hydrobiologia (2007) 589:273–285 285
123
